Composite nanodielectric materials with strontium titanate nanoparticles embedded within an epoxy resin matrix were prepared and studied, varying the filler content. Broadband dielectric spectroscopy was employed for determining the dielectric response of the prepared specimens. Dielectric results reveal the presence of three relaxations processes, which are attributed to (a) glass to rubber transition of the polymer matrix (α-mode), (b) rearrangement of polar side groups (β-mode), and (c) interfacial polarization between systems' constituents. The stored and harvested energy of the examined nanodielectrics was also evaluated under DC conditions in the applied voltage range of 10−240 V. The coefficient of energy efficiency (n eff ) was determined for all filler's content, varying the applied temperature and field. The effect of temperature appears to be pronounced, causing a sigmoidal dependence of n eff . Furthermore, filler content enhances n eff , reaching the highest value of 69.41% for the 10 phr SrTiO 3 nanocomposite at 50 V. Finally, both AC and DC conductivities were evaluated as a function of filler and temperature, and the corresponding activation energies were calculated. Hopping conductivity appears to be the predominant conduction mechanism in all nanocomposite systems, since experimental data are in accordance with variable range hopping model.
INTRODUCTION
Energy is one of the most important issues in the 21st century. The exhaustion of fossil fuels in combination with the increasing energy requirements leads to the necessity for immediate improvement of the energy efficiency. The industrialization of the modern society and the popular growth are the two major reasons for the increase of energy consumption, which has as a consequence the depletion of fossil fuels. The environmental problems such as climate change, carbon dioxide emissions, global air pollution, and damage of the ozone layer are particularly being caused by the fossil fuels usage for energy production. Another major aspect is to improve the energy efficiency in current energy systems. Today, most of the produced energy is lost in terms of heat, mainly in electric power generation and transmission. Therefore, the improvement in the efficiency of energy usage plays a key role in energy systems. 1−5 Multifunctional polymer composites could be used as structural energy devices, where matrix and filler work synergistically for an effective functional behavior. Nanostructured materials are becoming increasingly important for electrochemical energy storage and more specific in the electrochemical capacitors. Furthermore, nanostructured materials have attracted a lot of interest in recent years because of their advanced mechanical, electrical, and optical properties endowed by confining their dimensions and due to the combination of bulk and surface properties to the overall performance. Dielectric nanocomposites derive their high energy density from the use of a high dielectric constant filler and a high breakdown strength polymer. Combining filler/ polymer in the optimum ratio and dispersion state, a higher energy density can be achieved than either of the constituents alone. Nanodielectrics refer to dielectric materials which comprise entities with dimensions at the nanometric scale. The type and the amount of the nanoinclusion determine the dielectric behavior, and for this reason polymer matrix nanocomposites attend increased technological and scientific interest, resulting in replacing conventional materials in a variety of applications. 6−10 Although there is no uniform definition for energy harvesting, it has lately attracted scientific interest because of the ever-increasing technological desire to produce wireless and portable electronic devices with extended life spans.
Energy harvesting can be defined as the process where energy from an external source is captured, stored, and delivered back on demand. Current portable and wireless devices must be designed in a specific way to include electrochemical batteries. Batteries' usage can be troublesome due to their limited life span; thus, their periodic replacement is necessary. The need for renewable energy sources, energy efficiency, and energy harvesting are motivating the discovery of new materials and the design of new device structures. The challenging achievement is not only to construct renewable and sustainable energy sources but also to store energy efficiently and deliver it back on demand. Nanostructured materials are very promising in the design of such innovative structures. There are many sources of harvestable energy, including heat waste, vibrations, electromagnetic waves, wind, flowing water, and solar energy. Nanostructured materials impart improved capabilities to energy harvesting devices and are expected that in the near future they will be a leading figure in improving the energy efficiency. 11 An epoxy resin was used as the polymer matrix due to the following advantages: (a) good thermomechanical behavior, (b) easiness in molding, (c) resistance to corrosive environments, (d) very good adhesion and wetting with many types of reinforcing phase, and (e) low cost. Moreover, ceramic strontium titanate (SrTiO 3 ) nanoparticles were chosen as the reinforcing phase. SrTiO 3 is a complex oxide having a perovskite structure. It has attracted a lot of interest because of its potential use in electronic devices and because of its high charge storage capacity, good insulating properties, and good optical transparency in the visible region. In past years, SrTiO 3 was widely used as a substrate for epitaxial growth of high-temperature superconducting films. SrTiO 3 is applicable in electronic devices not only as a high dielectric constant material but also as a widegap semiconductor with a band gap of 3.2 eV. SrTiO 3 is a ferroelectric material in which its ferroelectric transition is suppressed by quantum fluctuation. Like most perovskite oxides with the general formula ABO 3 , strontium titanate has a simple cubic lattice Pm3m with a lattice parameter of 0.3905 nm, in which the strontium atoms are at the corner, oxygen atoms exist at the face center, and titanium atoms are at the body center. The oxygen octahedra can easily rotate around the center titanium atom, resulting in many possible distortions of the perfect crystal. More specifically, the Ti 4+ ions are 6-fold-coordinated by O 2− ions, whereas each of the Sr 2+ ions is surrounded by four TiO 6 octahedra. Moreover, each of Sr 2+ ion is coordinated by 12 O 2− ions. SrTiO 3 exhibits not only ionic bonding character between Sr 2+ and O 2− but also strong covalent bonding among TiO 6 octahedra. The nature of chemical bonding is responsible for this structure. At a critical temperature (T c = 104 K) SrTiO 3 undergoes a cubic-to-tetragonal anti-ferrodistortive transition. 12−14 In this work nanocomposites constituted of an epoxy resin (ER) as a matrix and strontium titanate (SrTiO 3 ) nanoparticles as the reinforcing phase have been prepared and studied at various filler contents. SrTiO 3 nanoparticles were first studied via X-ray diffraction (XRD), differential scanning calorimetry (DSC), and laser Raman spectroscopy (LRS), and their dielectric response was examined via broadband dielectric spectroscopy (BDS). The dielectric properties of the prepared nanocomposites were examined via broadband dielectric spectroscopy in a wide frequency and temperature range.
However, the main goal of this work is to investigate the energy efficiency by determining the stored and harvested energy in nanocomposites with parameters the applied DC field, temperature, and filler content. Both AC and DC conductivities of all nanocomposite systems were studied as a function of filler content and temperature. The conduction mechanism was extensively analyzed and studied, and the related activation energies (E A ) were determined by performing dynamic analysis in both σ ac and σ DC processes. The hopping conduction was the dominating electrical transport mechanism, and the applicability of variable range hopping (VRH) model was examined in all specimens.
MATERIALS AND METHODS
2.1. Fabrication of Nanocomposite Materials. Nanocomposite specimens were prepared by employing commercially available materials. A low-viscosity epoxy resin (ER) (bisphenol A), with the trade name Epoxol 2004A, and a slow reacting cycloaliphatic amine as curing agent, with the trade name Epoxol 2004B, were used for the preparation of the polymer matrix. Both reactants were provided by the Neotex S.A. Athens, Greece. Nanoparticles of strontium titanate (SrTiO 3 ) were purchased by Sigma-Aldrich. According to the supplier's datasheet, the diameter of the employed nanoparticles was <100 nm. The followed procedure includes mixing the resin with the curing agent in a 2:1 (w/w) ratio. As the polymer matrix is in liquid state various amounts of ceramic filler were added for the production of the nanocomposite specimens. Stirring at a slow stirring rate under ultrasonication was performed to avoid the formation of clusters. The homogenized mixtures were poured to molds, and the curing process took place at ambient conditions for a week, followed by postcuring at 100°C for 4 h. The SrTiO 3 content of the prepared samples was in parts per hundred resin (phr) per weight, and the manufactured samples were 0 (unreinforced epoxy), 3, 7, 10, 12, and 15 phr.
2.2. Methods. 2.2.1. X-ray Diffraction (XRD). XRD experiments were performed with a Bruker AXS D8 Advance device with Bragg− Brentano geometry and a LynxEye detector; the Cu Kα spectral line (λ = 1.54062 Å) was used as the incident radiation. The scan mode was continuous, the step was 0.02°(2θ), and the scan speed was 0.5 s/step. The source slit was 0.6 mm while the voltage and current were set at 40 kV and 40 mA, respectively.
2.2.2. Scanning Electron Microscopy (SEM). The morphology and the quality of the nanoparticle dispersion, as well as the existence of agglomerates and voids inside the polymer matrix, were investigated by SEM (Carl Zeiss EVO MA 10).
2.2.3. Differential Scanning Calorimetry (DSC). DSC measurements were conducted via a TA Q200 device (TA Instruments, New Castle, DE). The scan rate was 30°C/min, and the samples were placed in an aluminum crucible, while an empty one was used as reference. The temperature ranged from −40 to 200°C.
Laser Raman Spectroscopy (LRS)
. Raman experiments were held on a HR-800 JY UV−vis−Raman system (Horiba Scientific, Jobin Yvon, Villeneuve d'Ascq, France), where excitation was imposed by an air-cooled He−Cd laser operating at 441.6 nm. The power of the laser beam was 0.23 mW. The backscattered configuration was selected by using a 50× (NA = 0.55) microscope objective. The scattered beam was directed to the entrance slit of the single monochromators after passing through an appropriate edge filter. The signal was recorded by an LN2cooled 2D-CCD detector.
2.2.5. Broadband Dielectric Spectroscopy (BDS). Broadband dielectric spectroscopy (BDS) was employed for the electrical characterization in all manufactured nanocomposites. The frequency range of the exerted voltage was varied from 0.1 Hz to 10 MHz via an Alpha-N frequency response analyzer, supplied by Novocontrol Technologies. The applied V rms was constant at 1 V, while the temperature was controlled by a Novotherm system (Novocontrol Technologies) with ±0.1°C accuracy. A two-electrode dielectric cell (BDS 1200) also supplied by Novocontrol was used. The specimens were placed between the gold-plated metal electrodes, and isothermal ACS Applied Energy Materials www.acsaem.org Article frequency scans were conducted for every specimen, from ambient to 160°C with a temperature step of 5°C/min. Data acquisition was performed automatically in real time via WinDETA software. All AC measurements were performed according to the ASTM D150 specifications.
2.2.6. DC Electrical Measurements. The DC measurements were conducted by a high-resistance meter (DC, Agilent 4339B). The experimental procedure includes an automatic process that allows a continuous control of measurements for the charging/discharging sequence. Data acquisition is fully automated and conducted in real time via suitable software. The applied voltage levels were 10, 50, 100, 150, 200, and 240 V. The applied temperatures were 30, 60, 80, 100, and 120°C. Specimens were put between two electrodes in a parallelplate capacitor configuration. The charging time was 60 s for all the samples in every voltage level. Prior to every charging/discharging sequence, it was ensured that no stored charges exist in the samples with the implementation of a discharging short-circuit procedure. Measurements of the resistance in all samples were performed at 50, 100, and 200 V. The DC measurements were conducted according to the ASTM D257 specifications.
RESULTS AND DISCUSSION
3.1. Characterization of SrTiO 3 Particles and SrTiO 3 Nanocomposites. Bulk SrTiO 3 undergoes a transition from the cubic paraelectric phase to the tetragonal anti-ferrodistortive phase at 104 K, which is its T c temperature. 12 Therefore, above the critical temperature nano SrTiO 3 particles are in the cubic crystal phase. The XRD pattern of nano SrTiO 3 particles ( Figure  1a ) verifies that they exist in the cubic phase (Pm3m). Although the cubic phase is expected to be Raman inactive, because of the absence of polarizability, the Raman spectrum reveals broad overlapping bands, which are attributed to the second-order Raman bands. Second-order Raman bands derive from the creation of two phonons in the same vibrational branch, resulting in overtone bands. Different overtone bands from different vibration branches interfere, resulting in the creation of one phonon and the destruction of another which has lower energy. 14, 15 In addition, thermal analysis was also conducted on nano SrTiO 3 particles via DSC. The DSC thermograph demonstrates that there is no phase transition in the studied temperature range (−40 to 200°C), leading to the deduction that the nano SrTiO 3 phase transition occurs at lower temperatures as the theory implies (104 K). It should be noted that both Raman and DSC spectra are not presented in this work for space-saving reasons.
Afterward, the manufactured specimens were studied by using the X-ray diffraction method (XRD) and scanning electron microscopy (SEM) to examine their morphology. XRD patterns are depicted in Figure 1a . Epoxy resin as an amorphous component has no diffraction peaks; as a result, the recorded peaks in each nanocomposite system correspond to the reinforcing phase. It is apparent that as the amount of the added nanoinclusions increases, the peaks belonging to SrTiO 3 become sharper and more intense, indicating that there is a successful nanocomposite fabrication. Figure 1b presents an indicative SEM image of cryo-fractured surface for the 15 phr SrTiO 3 nanocomposite. Obviously, the dispersion of the nanofiller in the polymer matrix can be considered as satisfactory, since fine nanodispersions can be observed, in tandem with small clusters.
3.2. SrTiO 3 Nanocomposite Dielectric Response. Dielectric spectra of polymer-based composite systems are complex due to the interactions among macromolecules and particles and the concurrence of both permanent and induced electric dipoles. The SrTiO 3 nanocomposite systems were electrically characterized via BDS. 3D dielectric spectra of the real part of dielectric permittivity for the 12 phr SrTiO 3 nanocomposite as a function of frequency and temperature and comparative spectra of loss tangent (tan δ), at 160°C, as a function frequency for all specimens are represented in Figures  2a and 2b , respectively.
The nano SrTiO 3 reinforced systems exhibit higher values of ε′ in comparison with the neat epoxy in the whole frequency and temperature range. ε′ increases while the frequency of the applied field diminishes. This is because dipoles attain sufficient time to orient themselves in the direction of the alternating field. When the frequency increases, dipoles fail to follow the fast orientation of the applied field, resulting in low polarization level and ε′ values. The polarization process is facilitated by temperature due to the thermal agitation of the dipoles, and ε′ attains high values in the low frequency and high temperature range. Figure 2a indicates two steplike transitions in the permittivity spectra, implying the presence of dielectric relaxation processes. The relaxation processes are more evident in the loss tangent spectra versus frequency at 160°C ( Figure  2b) . At high frequencies, a weak relaxation process is observed which is assigned to the reorientation of the polar side groups of This process is associated with the glass-to-rubber transition of the amorphous polymer matrix (α-relaxation). The third relaxation occurs at low frequency and high temperature and is attributed to interfacial polarization (IP) process. The interfacial polarization process is observed in electrically heterogeneous systems of two or more phases. Dipoles, formed at the interface, exhibit time delay in their orientation parallel to the field when the frequency of the applied field increases, as a result the appearance of the IP process is enhanced at low frequency edge and at high temperature. 16 The energy density could be denoted as the capability of a material to store energy per unit volume and can be calculated via eq 1:
where E f is the electric field and D is the electric displacement. In linear dielectric materials, the energy density is derived though eq 2:
where E f is the electric field applied to the specimen, ε′ is the real part of dielectric permittivity, and ε 0 is the permittivity of free space (8.85 × 10 −12 F/m). Equation 2 indicates that at constant applied field the only parameter which can affect the energy density of the material is ε′. It is apparent from the comparative spectra in Figure 3a that energy density exhibits higher values for all reinforced systems at constant field (E f = 1 kV/m) in comparison with the epoxy resin, reflecting the higher permittivity of the ceramic nanoparticles. However, the specimen with the highest filler content does not exhibit the maximum U value, indicating that the optimum performance does not coincide with maximum filler content. This deviation could be related to the microstructure of the nanocomposite and to the possible development of particle clusters. The energy density reflects the ε′ behavior as implied by eq 2. Figure 3b shows that U in the low temperature range ACS Applied Energy Materials www.acsaem.org Article remains low, and the effect of temperature appears not to be noticeable. In the temperature range between 60 and 100°C, U increases due to the mobility of large segments of the main polymer chain related to glass-to-rubber transition of the epoxy resin (α-relaxation). At temperatures, higher than 100°C, the energy density of nanocomposites gradually increases because of the IP effect. 3.3. Energy Storage and Harvesting/Coefficient of Energy Efficiency. The storing and harvesting procedures for all specimens were studied by measuring the charging/ discharging currents at various voltage levels and at different temperatures. The increase of the applied DC field leads to enhanced current in both charging and discharging processes. The discharging process takes place under no field application. It has been revealed that all specimens exhibit similar behavior, and the DC applied voltage level of 10 V had experimental noise. It is well-known that the stored energy is a function of capacitance, which is determined by the capacitor geometry and the permittivity of the dielectric material (eq 3). 17, 18 In a parallel plate capacitor, capacitance is given by eq 3, while the stored energy is obtained by eq 4: ACS Applied Energy Materials www.acsaem.org Article
where E is the energy of the capacitor, Q the accumulated charge, C the capacitance, ε′ the dielectric constant, A the area of the capacitor's plate, d the distance of the capacitor's parallel plates, and ε 0 the dielectric constant of free space. In the case of nanocomposite systems, the nanoinclusions can act as a dispersive network of nanocapacitors. As eq 4 indicates, the stored and harvested energy is determined via the timedependent charging and discharging currents at each temperature and applied voltage. The energies can be calculated by integrating the I = f(t) curves; in each case the specimen's capacitance is determined by the dielectric measurements at the lowest measured frequency and at the same temperature. Figure  4 shows the stored and harvested energies of the 12 phr SrTiO 3 nanocomposite at 30 and 80°C, respectively. Figure 4 indicates that both stored and harvested energies elevate with the increase of the applied DC field. Furthermore, the energy efficiency seems to decrease as the temperature increases. At this point it is useful to introduce the coefficient of energy efficiency to evaluate the energy performance of the systems. The coefficient of energy efficiency is defined as the ratio of the retrieved upon the stored energy via eq 5: 19 n E E eff discharged charged =
The examined parameters are the temperature, the applied DC voltage, the time, and the reinforcing phase. Figure 4 shows that the n eff decreases as the temperature increase. The same behavior was observed in all specimens. For comparison reasons the stored and harvested energies are calculated at the time instant of 10 s. Table 1 lists the n eff values for all specimens at 30°C for three different applied voltage levels. Table 1 shows that the 10 phr SrTiO 3 nanocomposite displays the optimum energy performance at 30°C, reaching the value of n eff = 69.41% at 50 V. The coefficient of energy efficiency is a quantity which can be affected by many parameters in different ways. Thus, the optimum performance does not always correspond to the highest filler content. The nanofiller content is responsible for the heterogeneity of the systems and the formation of the extended interface. On the other hand, field intensity plays a major role in n eff , considering that it increases the number of charge carriers and facilitates the transportation of space charges within the nanocomposite by lowering the local potential barriers. 20 The influence of temperature upon n eff for all nanocomposites at 50 V is presented in Figure 5 .
Because of limited experimental data, only a first approximation can be made by employing a sigmoidal function to fit the experimental data. The sigmoidal function was chosen aiming to describe the abrupt cutoff of the n eff values at ∼60°C. Interestingly, values of n eff for all studied nanocomposites almost coincide at temperatures above 60°C ( Figure 5 ). More specifically, the Boltzmann sigmoid equation was applied via eq 6:
where A 1 is the highest n eff value, A 2 is the lowest n eff value, C 0 is the temperature at which the value of n eff is equally far from its highest and lowest value, and dT is the slope at the inflection point and describes the steepness of the curve. It is obvious that more data in the vicinity of the inflection point could give stronger indications regarding the applicability of sigmoidal function upon the experimental data. However, the main concern of this study was to provide a preliminary approach regarding the variation of n eff with temperature in SrTiO 3 /epoxy nanocomposites. Figure 5 indicates that the n eff values at 60°C are still high enough and, in two cases, are somewhat higher than the respective ones at 30°C. Above 60°C in all studied DC fields and systems, temperature causes a dramatic decrease of n eff . This n eff decrease is associated with the significant augment of leakage currents. It is of significant importance to compare the current n eff behavior with temperature with that of a previous work concerning nano BaTiO 3 / epoxy specimens, where n eff exhibits an exponential decay with temperature. 21 It can be argued that the dramatic decrease of n eff starting above 60°C is in contrast with the behavior of the BaTiO 3 /epoxy nanocomposites. Neat epoxy follows a less abrupt sigmoidal-type behavior upon temperature, which with the addition of SrTiO 3 nanoparticles is strengthened. Thus, it is reasonable to conclude that the variation of the temperature dependence of n eff is related to the SrTiO 3 , and the type of the filler seems to play a major role in energy materials' performance and clearly affects the energy efficiency of every system. The same sigmoidal behavior of the n eff = f(T) is observed in all three studied DC voltage levels. Table 2 lists the values extracted from the fitting procedure of n eff = f(T).
The determined temperature at the inflection point varies between 63 and 79°C; it is worth emphasizing that the systems which exhibit the best regression acquire C 0 values around 65°C
. This temperature appears to be the corresponding one where the dramatic decrease of n eff occurs. The dT values do not follow a systematic pattern, but one can observe that the curves with better regression acquire dT values around 2.8.
3.4. Conductivity. The electrical conductivity is considered as one of the major electrical properties and is defined as the reciprocal of resistivity, being indicative of the easiness with which a material is capable of conducting electric current. In this work, nanocomposites are manufactured by combing the semiconductive reinforcing phase with the employed insulating matrix. When the reinforcing filler exhibits higher conductivity than the matrix, nanoparticles could form a network through the polymer matrix, leading to relatively higher conductivity values. As the amount of the reinforcing phase increases, the distance among the adjacent sites of the network decreases, resulting in facilitation of the conduction process. Several pathways contribute to the overall conduction process. In the case of nanocomposite, conduction derives from the (i) polymer matrix itself, (ii) semiconductive nanoparticles, (iii) charged constit- uents' interface, and (iv) a "polaron-like" conduction process arising from the interaction between charge carriers and polarized entities. Each contribution is characterized by a potential barrier, depending on the applied field, temperature, and filler content. 20, 22, 22, 23 Because none of the employed materials is a conductive one, it is expected conduction mechanisms to be thermally activated. 23, 24 Studying the conduction process consists of a complicated task because the existing mechanisms occur simultaneously and mutually interact, while the measured conductivity includes the contributions of all of them. Therefore, the activation energy in each system reflects the lowest barrier which must be exceeded for the initiation of a conduction process. If the supplied thermal agitation is higher than the activation energy, additional conduction pathways are activated and contribute to the measured conductivity. In this work DC and AC electrical conductivities were determined as a function of temperature for all examined specimens. In the DC case the applied voltage level (50, 100, and 200 V) was an additional parameter. The DC electrical conductivity (σ DC ) was determined by eq 7:
where R is the volume resistance of the polymer system, measured in the temperature range 30−120°C, at t = 30 s time instant, l is the average sample thickness, and A is the electrode surface. The AC conductivity was determined by employing eq 8: 10 where ε 0 is the permittivity of free space, ω is the angular frequency of the applied field, and ε″ is the temperaturedependent dielectric loss. According to von Hippel, the alternating current conductivity sums all dissipative effects including an actual ohmic conductivity and frequency dielectric dispersions. 25 σ DC in all SrTiO 3 nanocomposite systems follows an exponential increase with temperature, and the applied DC voltage does not affect the form of the σ DC (T) function. The polymer matrix obstructs the migration of charges from site to site. Therefore, charges acquire the sufficient energy needed to overcome the potential barriers by the applied temperature. The temperature dependence of conductivity in dielectric materials follows the Arrhenius form of eq 9, 24 which in contrast to conductors implies the thermally activated conduction processes:
where σ 0 is the pre-exponential factor, E A is the activation energy, T is the absolute temperature, and k B is the Boltzmann constant. Equation 9 is also valid under AC conditions at constant frequency of the applied field. 26 For comparison reasons, the effect of temperature on AC conductivity at the lowest measured frequency (0.1 Hz) was also examined. σ 0.1Hz is temperature-dependent, in a manner similar to DC conductivity. The enhancement of conductivity with temperature can be considered responsible for the occurrence of the increased leakage currents, which leads to the diminishing of the coefficient of energy efficiency. Conductivity for all nanocomposite systems acquires low values because of the insulating nature of the polymer matrix. Figures 6a and 6b show the variation of conductivity under DC and at 0.1 Hz frequency conditions for all studied nanocomposite systems. Data are expressed via Arrhenius plots and can be fitted via eq 9, resulting in the calculation of activation energy (E A ) for every nanocomposite system. It is apparent that the DC conductivity data are better fitted via the Arrhenius equation. In the case of 0.1 Hz frequency data, a small deviation from the complete Arrhenius behavior is observed. This deviation arises from the dielectric relaxation processes which exist in nanocomposite systems. Possibly more than one thermally activated mechanisms coexist, which at first approximation can be simulated via eq 9. Table 3 lists the activation energy values under DC and at 0.1 Hz conditions for all studied specimens.
It is apparent that activation energies under DC or 0.1 Hz conditions do not vary significantly with the filler content. Moreover, the variation of activation energy for the neat epoxy between 0.1 Hz frequency and DC condition is negligible. In contrast, nanocomposite systems acquire higher values of activation energy under DC conditions compared to the corresponding ones under AC conditions. The lower activation energies at 0.1 Hz reflect the forward and backward jumps of charge carriers among contiguous localized sites. Under DC conditions charge carriers are forced to migrate at longer distances, overcoming enhanced potential barrier heights. Moreover, the variation of activation energy with filler content follows the same trend in both cases. Besides the electrical characteristics of the constituents, other important aspects affect the charge transport phenomena such as the geometric characteristics of the nanofiller, the particle−particle and particle−polymer interactions, the aggregation of the filler, the interface properties, the constituents' coefficient of thermal expansion, the rheological behavior of the matrix, and so on. Therefore, by keeping the filler's geometry and the rheological conditions of the matrix constant, the variation of activation energy with filler content can be considered as an indication for the predominant type of interactions each time. At the lowest filler content, nanoparticles are apart from each other, and the particle−particle interaction lacks with respect to the particle− macromolecule one. 27, 28 In this case, the interface acts rather as charge trap than a conduction pathway, leading to an increase of activation energy. By increasing the reinforcing phase content, nanoparticles are getting closer, the particle−particle interaction enhances, and charge migration is amplified via the extended interface route and the increased amount of the semiconductive phase, causing a decrease of activation energy. At the two higher filler contents the activation energy initially increases and then drops. In this state, particles' agglomeration and small clusters occur, possibly forming isolated areas of higher conductivity because of the strong particle−particle interactions. This "self sort-circuit" configuration demands increased thermal agitation for charge migration through the whole sample. Finally, at the highest filler content the excess amount of semiconductive nanoparticles bridges the space between clusters, leading to a lower activation energy.
3.5. Conduction Mechanism under DC Conditions. Aiming to study the dominating charge transport mechanism in SrTiO 3 nanocomposite systems, we examined the applicability of the variable range hopping (VRH) model. VRH was proposed by Mott 29 in the case of amorphous semiconductors. According to the VRH model, charges hop between nearby localized states of different energy or between states of similar energy with spatial separation. The VRH model expressed via eq 10 describes the dependence of conductivity upon temperature when the charge transport mechanism is hopping: 30 
where σ 0 is a pro-exponential factor, T 0 is a characteristic temperature that determines the thermally activated hopping among localized states at different energies and is considered a measure of the degree of disorder of the system, and γ is equal to 1/(d + 1), where d expresses the dimensionality of the charge migration. In this work γ is equal to 1/4 since the examined nanocomposite systems are characterized by a 3D conduction process. VRH model's applicability can be verified by plotting log σT 1/2 = f(T −1/4 ). It is important to emphasize at this point that the VRH model does not contradict eq 9 since it describes and is consistent with a particular charge transport mechanism, while eq 9 is of general validity and concerns all dielectric systems (insulators and semiconductors). 10,32−34 Figure 7 implies that there is a good agreement of the experimental data with the fitting regression, since in the plot's form data indicate linearity. Therefore, it can be concluded that the dominating charge transport mechanism in SrTiO 3 nano- Table 4 summarizes the derived values from the fitting procedure via VRH.
The fitting quality factor R 2 takes values close to unity, suggesting that there is a satisfactory regression in all studied nanocomposites. Hopping conduction appears to be the dominating mechanism in all cases. However, the nonideal linearity of the experimental data in the form of Figure 7 indicates the presence of other conduction mechanisms as well. Table 4 shows the T 0 values of the studied systems. T 0 acquires high values for all studied SrTiO 3 nanocomposite systems due to the nonconductive and disordered nature of the systems. The neat epoxy acquires lower T 0 values in comparison with the nanocomposites systems. In nanocomposites the nanoinclusions are irregularly distributed in the polymer matrix, resulting in the increment of the system's degree of disorder with respect to the polymer matrix. In general, there is a tendency in lowering T 0 values as the semiconductive filler increases. The parameter T 0 is considered as a measure of the degree of disorder, and its high values are in accordance with the amorphous polymer matrix and the noncrystalline overall morphology of the studied nanocomposites. 35, 36 
CONCLUSIONS
The nanocomposite systems consisting of strontium titanate nanoparticles and epoxy resin were fabricated and studied, varying the filler content of the reinforcing phase. SrTiO 3 nanoparticles and nanocomposites were characterized by several techniques (XRD, LRS, DSC, SEM, and BDS). In the case of nanoparticles, it was verified that the SrTiO 3 nanoparticles exist in the cubic crystal phase. Morphological characterization via XRD and SEM verified that nanocomposites were successfully fabricated. Three relaxation processes have been detected in all examined dielectric spectra: (a) the glass to rubber transition of the polymer matrix (α-mode), (b) the rearrangement of the polar side groups of the main polymer chain (β-relaxation), and ACS Applied Energy Materials www.acsaem.org Article (c) the IP effect. The ability of energy storage and harvesting was also investigated under DC conditions in all nanocomposite systems. Stored and harvested energies were determined by integrating the charging/discharging current−time function. It was found that both stored and harvested energies increase with the applied DC voltage level. The coefficient of energy efficiency n eff increases with filler content reaching the value of 69.41% for the 10 phr SrTiO 3 nanocomposite. The increase of temperature causes a sigmoidal-type behavior of n eff in all examined systems. Finally, AC and DC conductivity were found to increase with temperature following an Arrhenius-type behavior, being in accordance with the dielectric nature of the fabricated systems.
In both cases the activation energy was calculated and was found that in AC conditions E A acquires lower values in comparison with DC conditions. The effect of temperature upon conductivity causes the decrease of coefficient of energy efficiency. Hopping conduction appears to be the dominant charge transport mechanism in all fabricated specimens, and conductivity data can be described via the VRH model for all nanocomposite systems.
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